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The liver has come a long way since it was considered only a
metabolic organ attached to the gastrointestinal tract. The simul-
taneous ascension of immunology and intravital microscopy evi-
denced the liver as a central axis in the immune system,
controlling immune responses to local and systemic agents as
well as disease tolerance. The multiple hepatic cell populations
are organized in a vascular environment that promotes intimate
cellular interactions, including initiation of innate and adaptive
immune responses, rapid leukocyte recruitment, pathogen clear-
ance and production of a variety of immune mediators. In this
review, we focus on the advances in liver immunology supported
by intravital microscopy in diseases such as isquemia/reperfu-
sion, acute liver injury and infections.
 2015 European Association for the Study of the Liver. Published
by Elsevier B.V. Open access under CC BY-NC-ND license.Historical perspective of intravital microscopy
Humans always wanted to see farther and better. The oldest rec-
ognized magnifying device is the ‘‘Nimrud lens’’, which dates
back more than 2700 years and it was supposedly used as a mag-
nifying glass and to produce heat by concentrating the sunlight.
In this context, these ﬁrst lenses might have been also used to
cauterize small wounds, linking them immediately to medical
and biological sciences [1]. These lenses were further adaptedJournal of Hepatology 20
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microscopy.in many ways, culminating in the development of ﬁrst telescopes
and microscopes. The invention of the microscope (ca.1600) and
its improvements in the last half-century were essential to break-
through discoveries in many ﬁelds of scientiﬁc investigation.
Such ﬁndings in microvascular morphology and physiology built
the basis for elucidation of the leukocyte recruitment cascade [2].
Apparently, the conventional histopathology techniques using
ﬁxed tissues were insufﬁcient to describe the dynamics of biolog-
ical processes, which generated a demand for in vivo imaging
strategies. Thus, the terminology ‘‘intravital microscopy’’ (IVM)
was coined for the adaptation and use of a microscope to image
cells and tissues in live animals. Due to inefﬁcient light sources
and limitations in imaging solid organs at that time, the ﬁrst live
tissues visualized were from thin and transparent organs such as
frog’s interdigital webbing or tongue. The ﬁrst report of intravital
microscopy dates back from 1846 in Marshall Hall (1790–1857)
and August Waller (1814–1870) observations in frog’s capillaries.
Their discoveries were seminal for the initial understanding of
endothelial physiology. Also visualizing the microcirculation,
Julius Cohnheim (1839–1884) demonstrated that leukocytes
immigrate across the vessel wall to the interstitial space follow-
ing stimuli [2]. Researchers have explored the fact that different
species may be used for intravital microscopy, leading to live
imaging of worms, ﬁsh, insects, amphibians, reptiles and small
mammalians.
The application of IVM in hepatology is more recent probably
due to the solid structure of the liver and its location inside the
peritoneal cavity, which make liver imaging more difﬁcult.
Nevertheless, the vast hepatic microvasculature and unique
diversity of cell types provide a rich ﬁeld for intravital studies
in both health and disease [3]. In the past two decades, the devel-
opment of new imaging techniques, dyes and ﬂuorescent pro-
teins that favor IVM resulted in an explosion of possibilities to
mechanistically investigate liver biology down to the molecular
level (Fig. 1). Liver IVM has been employed in studies of trans-
plantation, ischemia/reperfusion injury, cancer, acute/chronic
toxic injuries, ﬁbrosis, infections, hemorrhagic shock and sepsis.
In this review, we will focus on how in vivo imaging using differ-
ent microscopy modalities has enhanced our understanding of
liver immunology.15 vol. 63 j 733–742
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Fig. 1. Number of entries on Pubmed containing the words ‘‘liver’’ and
‘‘intravital’’ from 1950 to 2014. Note that the abrupt increase in published
papers in 1990’s is coincident with the increased availability of ﬂuorescence and
laser scanning confocal microscopes. Source: Alexandru Dan Corlan. Medline
trend: automated yearly statistics of PubMed results for any query, 2004. Web
resource at URL:http://dan.corlan.net/medline-trend.html. Accessed: 2012-02-14.
(Archived by WebCite at http://www.webcitation.org/65RkD48SV).
ReviewImaging modalities for liver intravital microscopy
The liver can be imaged by intravital microscopy with most stan-
dard microscopes or even by confocal probes that ﬁt in a surgical
needle [4,5]. As the pioneers in IVM evaluated translucent organs,
the liver edge can be imaged in a similar way, since it is consid-
erably thin [6]. In this way, a regular bright ﬁeld microscope
would sufﬁce to evaluate general leukocyte trafﬁcking and
behavior (Fig. 2 and Supplemental Video 1). However, deeper
mechanistic approaches often require evaluation of speciﬁc cell
types, prompting the use of antibodies to particular surface anti-
gens (i.e., F4/80 in mouse monocytes and macrophages, CD3 in
lymphocytes, etc.) or ﬂuorescent protein expressing cells
(Supplemental Video 2). In this case, ﬂuorescence microscopes
enable the identiﬁcation of different markers (or cells) in the
same animal. More recently, laser scanning confocal microscopes
and newer alternatives such as spinning-disk and multi-photon
microscopes emerged as higher quality intravital imaging options
[7–11] (Fig. 3 and Supplemental Videos 3 and 4). Confocal micro-
scopes provide high-resolution ﬂuorescence imaging since they
use a pinhole to exclude out of focus light [12,13] offering live tis-
sue imaging even of thick and complex samples. However, as
laser scanning confocal raster scan the sample point-by-point,
faster events are challenging to capture. Field scanning confocals
such as the spinning-disk microscope utilize multiple pinholes
[14], enabling faster phenomena such as platelets ﬂowing in
the bloodstream or calcium waves in the liver parenchyma to
be imaged with accuracy. Multi-photon microscopes are also
beneﬁcial for IVM because of their ability of imaging at great tis-
sue depths (hundreds of micrometers) [15]. In multi-photon
microscopy, only ﬂuorophores in the in-focus-plane are excited,
therefore excluding the need for pinholes while reducing photo-
toxicity and bleaching. Multi-photon excitation has been used to
visualize tumorigenesis [16], angiogenesis [17] and related deep
tissue processes that were previously difﬁcult to assess due to
inefﬁcient ﬂuorescence excitation and detection using standard
confocal techniques. There are alternative imaging techniques734 Journal of Hepatology 201such as light sheet microscopy, which provide optical sectioning
capability. However, traditional light sheet microscopes involve a
unique optical geometry, which poses challenges to sample
mounting and therefore sample choices. Nevertheless, as these
techniques evolve, intravital imaging using light sheet micro-
scopy may become feasible in the future. With the large variety
of imaging techniques currently available, choosing the best
imaging approach relies on what the main research question is
and the available budget (Table 1). Multi-photon and
spinning-disk microscopes generally have higher costs, although
they are more effective and versatile for intravital imaging.
Nonetheless, reliable data can be acquired by adapting regular
ﬂuorescence or laser scanning confocal microscopes for intravital
imaging [18].
Recent advances in the ﬁeld of super-resolution microscopy
pose interesting possibilities for IVM (Fig. 2). Techniques such
as SIM (structured illumination microscopy), which utilizes
structured illumination, provide two fold improvement over the
conventional diffraction limit without compromising cell health
or speed. SIM is currently limited to relatively thin samples, but
as technology is constantly improved, it will be very interesting
to adapt SIM for IVM. Indeed, multi-photon excitation has been
applied to SIM to provide deeper penetration depths [19]. SIM
in its standard form can be utilized to ‘‘complement’’ conven-
tional IVM techniques to examine structures inside thin samples
(e.g. cremaster muscle or mesentery) at higher resolution.
Additional super-resolution techniques such as STORM (stochas-
tic optical reconstruction microscopy) which utilize Gaussian ﬁt-
ting of emission points, provide even greater resolution
improvements of ten fold over conventional microscopy tech-
niques, enabling resolution down to the single molecule level.
However, achieving ten fold improvement in resolution
requires longer imaging times and more prolonged exposure of
cells to light, limiting their utility in live imaging experiments.
This limitation also applies to other super-resolution techniques
like STED (stimulated emission depletion microscopy) that pro-
vide similar improvements in resolution.
Fluorescent labeling of hepatic cells and structures is not usu-
ally an issue when performing IVM. The same antibodies and
probes used for immunoﬂuorescence or ﬂow cytometry are nor-
mally effective for IVM as well. Therefore, the imaging possibili-
ties are virtually limitless as it is feasible to label multiple cells
simultaneously (Fig. 3). In this sense, one can visualize collagen
and extracellular matrix proteins [20], blood ﬂow [21], bile
canaliculi [22], sinusoidal endothelial cells (LSECs) [23], hepato-
cytes [24], stellate cells [25], Kupffer cells [26], neutrophils
[27], platelets [28], lymphocytes [29], NKT cells [30], and even
cellular components such as DNA [26]. Also, liver function can
be assessed using ﬂuorescent reagents, such as hepatocyte viabil-
ity using Rhodamine 6G [21,31], hepatocyte bile secretion using
carboxyﬂuorescein diacetate (CFDA) [31], endothelial viability
using formaldehyde-treated albumin [32], and Kupffer cell (KC)
phagocytosis using ﬂuorescent latex beads [30].
Imaging acquisition requires detection and recording devices.
The most common acquisition devices for laser scanning confo-
cals are photomultiplier tubes (PMTs), but charge coupled
devices (CCD) and complementary metal-oxide semiconductors
(CMOS) are also widely used for ﬁeld scanning confocals and
epi-ﬂuorescence microscopes for their high signal-to-noise and
high-speed acquisition properties [33] (Fig. 2). Acquisition is usu-
ally followed by image analysis in a computer equipped with5 vol. 63 j 733–742
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Fig. 2. Possibilities of imaging acquisition using different microscopes and ﬂuorescent probes. Liver intravital was initially performed using very simple microscopes
and analyzed by naked eye. With the advent of modern microscopes and acquisition devices, liver structures could be better imaged. Using ﬁlters, white light source can
generate speciﬁc wavelengths to excite ﬂuorophores that can be organic dyes (i.e. ﬂuorescein, DAPI), ﬂuorescently labeled antibodies (i.e. PE-conjugated IgG), quantum dots
and ﬂuorescent proteins (i.e. GFP, RFP). These same probes can be imaged using confocal microscopes, which use pinholes to acquire images with higher resolution. The two
confocal modalities available are laser scanning (LS) and spinning-disk (SD) microscopes. Multi-photon lasers can excite the same ﬂuorophores but it allows imaging of
deeper structures. Another advantage of multi-photon excitation is the opportunity of second harmonic generation (SHG) when imaging non-linear materials such as
collagens. More recently, super-resolution systems here represented by structured illumination microscopy (SIM), stochastic optical reconstruction microscopy (STORM)
and stimulated emission depletion (STED) microscopy have become available and may be considered the future of in vivo imaging once the current limitations are
surpassed. Images derived from these techniques can be captured by photomultiplier tubes (PMT), charge coupled devices (CCD) or complementary metal–oxide–
semiconductors (CMOS). Further, off-line analyzes can be performed using one of the various image quantiﬁcation softwares available.
JOURNAL OF HEPATOLOGYspeciﬁc softwares. At this point, images and videos can be trans-
lated into data, for example: cell counts, velocity, track length,
area measurements, interactions, and many other parameters
[18,26].
A simple microscope setup for liver IVM may be composed of
a conventional laser scanning confocal microscope loaded with
three lasers (405, 488, and 543 nm). This equipment allows imag-
ing in three different channels, therefore three different struc-
tures can be simultaneously investigated. This microscope is
relatively low cost when compared to multi-photon microscopes,
but is indicated for imaging of static or slow events (i.e., cell
adhesion, necrosis, perfusion). Also, PMTs rather than CCD cam-
eras and manually controlled devices rather than
software-controlled devices can be chosen to reduce overall
equipment cost.General surgical procedures for liver IVM
There are different surgical procedures to image liver in vivo, dif-
fering mainly on imaging protocol duration. For longer experi-
mental periods (days to months), static imaging windows
might be surgically implanted in the liver region and the sameJournal of Hepatology 201animal might be imaged several times over the experiment.
This was likely adapted from intravital studies in other tissues,
such as in neuroscience experiments using cranial windows for
longitudinal brain imaging [11]. Despite the reduced animal
number involved in the experiments and the advantages of the
prolonged imaging period, this modality may involve a techni-
cally challenging step that requires implantation of a
custom-made imaging window. On the other hand, for shorter
procedures (minutes to hours) the general surgical procedure is
based on a midline laparotomy, removal of the peritoneal skin
and muscle, with further externalization of a small hepatic seg-
ment (usually the apex of right lobe). In this case, the surgical
procedures are simpliﬁed and the animal is maintained anes-
thetized during the imaging procedure [8,18,27,26,34]. Due to
the invasive nature of the surgical approach, animals are usually
killed at the end of the imaging process. In order to image small
rodents (i.e. mice or small rats), it may be necessary to use a
handcraft stage allowing positioning of the animal under the
microscope appropriately. These procedures were recently
described in details, and can be adapted to image different organs
in the peritoneal cavity other than the liver [18]. More recently,
the implementation of intensive care monitoring expanded
intravital imaging to up to six hours and opened the possibility5 vol. 63 j 733–742 735
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Fig. 3. Liver intravital microscopy performed using different imaging modalities. (A) Mouse liver was imaged using a regular inverted microscope equipped with white
light. Images were acquired with a regular camera (bright ﬁeld). Note that only blood ﬂow can be visualized (see also Supplemental Video 1). Using the same mouse, 5 mg of
FITC-conjugated albumin was injected i.v. and liver was imaged using a ﬂuorescence microscope (white light ﬁltered by a 488 nm ﬁlter, Supplemental Video 2). In sequence,
the same mouse was imaged in a laser scanning confocal microscope and the improvement in resolution can be observed: the liver microvasculature is better visualized and
red blood cells are seen in negative passing within the vessels (Supplemental Video 3). Also, using a motorized Z-section scan, it is possible to render 3D images to better
visualize and quantify liver structure. (B) Another advantage of confocal microscopy is the opportunity to merge multiple images acquired in different channels
(endothelium – BV421-conjugated anti-PECAM-1, BD Biosciences, blue channel; Lysm-eGFP neutrophils, green channel; Kupffer cells – PE-conjugated anti-F4/80,
eBiosciences, red channel). In this way, the interaction of different cells, structures or molecules can be simultaneously imaged in the same experimental setting. Mice:
C57BL/6 and Lysm-eGFP were from Centro de Bioterismo in Universidade Federal de Minas Gerais (CEBIO – UFMG, Brazil). All animal studies were approved by the Animal
Care and Use Committee at UFMG (CEBIO 051/2011).
Reviewof maintaining mice viable for longer time periods (up to 12 h)
[35]. In any case, due to the invasive nature of the surgical
approach, animals must be sacriﬁced at the end of the imaging
process, which precludes the documentation of long-term biolog-
ical phenomena.
Regarding its application in humans, IVM is still under devel-
opment and novel devices are becoming available for use. Most
techniques are non-invasive, for example, patient hemodynamic
status can be predicted by imaging sublingual microcirculation
with orthogonal polarization spectral (OPS) imaging or
side-stream dark ﬁeld (SDF), which can be incorporated into a
hand-held device for clinical use [36]. Also, there are reports of
successful mapping of skin vasculature networks using
Correlation Mapping Optical Coherence Tomography (cmOCT)
[37]. Considering this, intravital imaging of human microvascula-
ture might become a powerful clinical tool in the future, espe-
cially when available for assessment of the vast hepatic
vasculature and broad range of liver diseases.Applications of IVM in basic investigation on liver diseases
Hepatic ischemia and reperfusion injury (I/R)
A number of surgical procedures in the liver demand the inter-
ruption of hepatic blood ﬂow (ischemia) for different times, espe-
cially during liver transplantation, resection of tumors or
extensive liver trauma. During ischemia, the lower oxygen and
nutrient concentrations cause cell damage, which will be736 Journal of Hepatology 201proportional to the ischemic period. Once the circulation is
restored (reperfusion), leukocytes are attracted to the liver where
they encounter a pro-inﬂammatory milieu rich in cytokines, lipid
mediators and damage-associated molecular patterns (DAMPs)
[38]. These molecules will sustain leukocyte inﬁltration and acti-
vation, which can amplify tissue injury [39,40]. Using multi-color
imaging IVM, it was observed that I/R and the associated inﬂam-
matory response lead to a widespread destruction of liver
parenchymal and microvascular structure [10]. Neutrophil inﬁl-
tration and platelet adhesion in presinusoidal arterioles and
postsinusoidal venules is critical in the pathogenesis of liver
damage during early reperfusion. Interruption of blood ﬂow
dramatically enhances platelet-endothelial cell interactions after
reperfusion in early timepoints (eight–nine-fold in arteri-
oles/venules and ﬁve fold in sinusoids), which is mediated by
tight interaction between platelet ICAM-1 with sinusoid-
deposited ﬁbrinogen [41]. Interestingly, even without employing
exogenous ﬂuorescent agents, it is possible to assess hepatocyte
metabolic status in vivo by visualizing mitochondria autoﬂuores-
cence (k excitation = 445 nm and k emission = 458–630 nm),
which strongly correlates with tissue perfusion status [42]. In
fact, autoﬂuorescence recovery strongly correlated with the
restoration of microcirculatory blood ﬂow during reperfusion.
Also, increase in cellular NADH can be monitored directly
in vivo by IVM (k excitation = 330–390 nm and k emission
P430 nm) as a measurement of impaired oxygen supply [43].
Liver intravital studies were especially important to elucidate
the peculiarities of liver leukocyte recruitment and to deﬁne the
role of adhesion molecules in post-ischemic areas (Fig. 4). It is5 vol. 63 j 733–742
Table 1. Advantages and limitations of recent intravital liver imaging technologies. Considering the particularities of the experimental design and available budget, the
choice of the best imaging technique might be based on a balance between how fast and deep the target phenomenon occurs. Faster phenomenon might need a spinning-
disk confocal setup to be imaged, and an event that occurs deeper in the tissues might only be visible using a multi-photon confocal. Alternatively, conventional laser
scanning microscopes might be sufﬁcient for slower and more superﬁcial imaging protocols.
Technology Advantages Disadvantages
Laser scanning 
confocal microscopy 
(LSCM)
Ideal for moderate tissue penetration 
while maintaining thin optical sections.
Opportunity to optimize the pinhole size 
for a variety of objective lenses.
Easy to perform simultaneous, multi-
color imaging.
Available in lower price ranges.
Image acquisition by laser scanning results in longer acquisition 
times that precludes documentation of faster processes
Sample scanning results in higher sample toxicity and 
photobleaching
Not good for very thick specimens due to light scatter.
Spinning-disk confocal 
(SDC)
Faster acquisition time allows 
visualization of rapid processes
Shorter exposure times prevent sample 
toxicity and photobleaching
Limited to thin samples as the multiple pinholes leads to cross talk 
and increased out-of-focus light (e.g. optical sectioning quality is not 
as good as a point scanning confocal-LSCM).
Can be more expensive compared to lower-end point scanning 
confocals, especially when considering simultaneous, multi-color 
imaging. 
Only a small number of objective lenses are compatible with SDC
Multi-photon 
microscopy (MPM)
Ideal for deep tissue penetration/thick 
samples.
Excitation occurs only at the focal 
plane, preserving sample integrity and 
minimizing phototoxicity.
Reduced photobleaching.
Image acquisition by scanning result in longer acquisition times and 
precludes documentation of faster processes
Higher costs in equipment purchase/maintenance
Difficult to image more than two colors in MPM mode due to lack of 
dye and laser availability. 
JOURNAL OF HEPATOLOGYwell accepted that I/R causes up-regulation of adhesion mole-
cules that support leukocyte emigration to the liver during reper-
fusion. In fact, antibodies against ICAM-1, a glycoprotein that
binds to b2-integrins to mediate ﬁrm adhesion, have a profound
beneﬁcial effect on liver damage mediated by leukocytes during
I/R [44]. On the other hand, the role for selectins was disputed
for years. Selectins (CD62) are cell adhesion molecules that bind
to sugar moieties and are responsible to the early interactions
between leukocytes and endothelium. Due to the lower afﬁnity
interactions with its ligand PSGL-1 (P-selectin glycoprotein
ligand-1), selectins mediate mainly leukocyte tethering and roll-
ing on the vessel wall [45]. These observations were made in tis-
sues such as muscle and skin, however, leukocyte-endothelium
interactions are more frequent in narrower vessels (5–8 lm
diameter), so it was not expected a major role for selectins in
the initial recruitment steps [46]. In fact, in a model of liver
inﬂammation with bacterial peptide (fMLP), deletion or blockage
of P, E or L-selectins have no effect on leukocyte rolling or adhe-
sion in sinusoids [47]. Controversially, deletion of P-selectin abol-
ishes leukocyte rolling and adhesion in terminal hepatic venules
in mice submitted to I/R, suggesting a primary role for selectins in
leukocyte adhesion in post sinusoidal venules but not sinusoids
itself [48]. In line with this, the procedure for experimental liver
ischemia cause disruption of intestinal blood ﬂow when the
superior mesenteric artery is occluded, causing both organs to
be affected. In this case, toxic products derived from the injured
gut can reach the liver, triggering an inﬂammatory response.
Kubes et al. demonstrated that if the intestinal circulation is
bypassed and re-routed directly to the liver – abolishing theJournal of Hepatology 201intestinal effects of hepatic I/R – leukocyte rolling and adhesion
is independent of selectins [47]. Therefore, the beneﬁcial effects
of anti-selectin therapies might arrive from their protective role
on other vasculatures, including the intestines. These data estab-
lished that the leukocyte recruitment paradigm in the liver dur-
ing inﬂammation might different from the other organs (Fig. 4).
Acute liver injury
Drugs and natural products can be directly or indirectly cytotoxic
to liver cells. Drug-induced liver injury (DILI) may be caused by a
variety of ‘‘over-the-counter’’ medications, including analgesics,
antibiotics, phytotherapics, and weight control drugs. In this con-
text, DILI is the leading cause of acute liver failure and drug with-
draw from clinical trials, therefore representing a major health
problem [49]. Methodologically, DILI can be acutely induced by
administration of a high dose of different chemicals, including
acetaminophen (APAP) [18,21,23], thioacetamide (TAA) [50], car-
bon tetrachloride (CCl4) [51], ethanol [52], halothane [53],
alpha-amanitin [54] and others. Due to the vast available litera-
ture about DILI, here we will focus on APAP and Concanavalin-A
induced liver injury.
The visualization of hepatic microvasculature, liver structure
and the immune responses in living animals has provided
substantial amount of mechanistic data on different DILI
models. Intravenous administration of ﬂuorescent high molecular
weight proteins (albumin or dextran), as well as sinusoidal
endothelium staining with ﬂuorescence-conjugated antibodies
(anti-PECAM1/CD31 or anti-VCAM-1/CD106) are used to evidence5 vol. 63 j 733–742 737
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Fig. 4. The general leukocyte recruitment paradigm and its peculiarities in
the liver. (A) In most tissues, leukocytes (i.e. neutrophils) initially tether the
endothelium adjacent to the inﬂammatory focus, where they start to roll until
ﬁrm adhesion. Once adhered to the vessel wall, leukocytes crawl towards ‘‘hot
spots’’ within the lumen, and ﬁnally, following a chemotactic gradient, they reach
the extravascular compartment to accumulate in areas rich in chemokines,
bacterial products or necrosis-derived molecules. (B) Due to the narrow and vast
capillary network in the liver, leukocytes are usually in intimate contact with the
sinusoidal endothelial cells. Therefore, once these cells tether the vessel walls on
inﬂamed regions, different mechanisms immediately arrest them. Cells can
become mechanically trapped in the sinusoids in a mechanism independent of
adhesion molecules. Also, different adhesion molecules might be involved if a
systemic inﬂammatory response is occurring (i.e. endotoxemia) or if the stimulus
is restricted to a speciﬁc are of the liver (i.e. focal injury).
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hepatic vasculature and perfusion status, since these probes will
only stain viable vessels. Also, toxic hepatocyte injury leads to
many cellular derangements, including membrane instability,
DNA damage and impaired calcium homeostasis, which may be
visualized using IVM by several ways [55]. In line with this, Li
and colleagues [31] demonstrated that APAP administration led
to basal membrane disruption in hepatocytes, which developed
into a severe canalicular membrane rupture and backward ﬂood-
ing of bile into the cell, a determinant event for hepatocyte death.
These severe changes lead to hepatocyte blebbing and displace-
ment into the sinusoidal blood ﬂow, showing for the ﬁrst time a
mechanism for hepatocyte content release during toxic liver
injury in vivo. Dying hepatocytes may release several intracellular
contents, one of which is ATP, a knownNLRP3 inﬂammasome acti-
vator. During APAP-induced liver injury, ATP is released by dam-
aged cells and stimulates calcium waves in neighboring
hepatocytes, increasing liver injury and inﬂammation [56].
Remarkably, treatment with an ATP-degrading enzyme (apyrase)
signiﬁcantly reduced cytokine production and neutrophil recruit-
ment in vivo.
APAP damages cells other than hepatocytes. Liver sinusoidal
endothelial cells (LSECs) injury can be observed in earlier time
points, even before hepatocytes, in a glutathione
depletion-dependent manner [57]. This leads to a premature hep-
atic microvascular injury [32] that contributes to total damage
induced by APAP. Interestingly, centrilobular sinusoids are
already congested two hours after intoxication, which was
related to LSEC swelling, erythrocyte retention in Disse’s space
and overall reduction in sinusoidal diameter. Using the same
IVM setup, McCuskey’s group found that inhibition of iNOS [58]
or MMPs [59] reduces toxic liver injury mostly by restoring sinu-
soidal perfusion and inhibiting erythrocyte extravasation into
Disse’s space. Conversely, acute ethanol administration signiﬁ-
cantly increases APAP toxicity by worsening the parameters
described above, while promoting intense KC activation [60].
Following, Pires et al. [21] described the hepatic vascular destruc-
tion caused by APAP intoxication using R6G and FITC-conjugated
albumin. APAP caused loss of hepatocyte viability and sinusoidal
architecture, which were reduced in interleukin-4 (IL-4) deﬁcient
mice. Acute toxic overdose from APAP or TAA can cause severe
centrilobular necrosis in the ﬁrst 12 to 24 h. It is conventionally
evaluated using histology; however, recent studies proposed
strategies to visualize and quantify liver necrosis in vivo by intra-
venous administration of DNA-binding probes (Sytox green, pro-
pidium iodide or DAPI). These dyes bind to DNA deposited within
necrotic areas, being very useful for intravital assessment of cell
death [18,50]. We have proposed this method to quantify liver
necrosis in vivo after toxic injury with APAP and TAA, but inter-
estingly, we also observed an intravascular DNA deposition that
covered almost half of total liver area [26] and correlated with
injury severity. These studies validate IVM as a useful tool to
study vascular and cellular alterations during liver injury in vivo.
Leukocytes have a distinct accumulation pattern within the
liver during DILI (Fig. 4). Under homeostatic conditions, liver is
broadly inhabited by KC. This strategic location favors removal
of pathogens [61], macromolecules and senescent cells from the
circulation [28]. KC can be evidenced in vivo by ﬂuorescent anti-
body staining (anti-F4/80 or anti-CD68) and by uptake of intra-
venously injected ﬂuorescent beads, which are immediately
phagocytized by them [32]. In sharp contrast, neutrophils are
not present in the liver under normal conditions, being rapidly738 Journal of Hepatology 201recruited after insults. As mentioned above, neutrophils skip
selectin-mediated rolling, jumping to direct adhesion or even
mechanical trapping when migrating to the liver (Fig. 4) [34].
Neutrophils have a particular behavior during injury: they accu-
mulate in great numbers in the liver, subsequently migrating
speciﬁcally to the interior of necrotic zones at the peak of APAP
toxicity [26]. Such directional migration is lost once neutrophils
reach necrosis, and these cells shift to a random ‘‘patrolling’’
behavior. Conversely, KCs remain stationary in viable parench-
yma areas, outside necrosis. As demonstrated previously by
others [62,63], while KC may have a regulatory and protective
role during toxic challenge, emigrating neutrophils amplify liver
injury by playing a major role in inﬂammation [23,26].5 vol. 63 j 733–742
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In addition to DILI, there are models to directly induce
immune-mediated liver injury, such as the administration of
Concanavalin-A (Con-A) [64], a lectin isolated from the
jack-bean, or using a combination of D-galactosamine with
lipopolysaccharide (Gal/LPS) [65]. These models induce acute
hepatitis mediated by T cells, NKT cells, neutrophils and KCs, asso-
ciated with intense cytokine secretion in the liver. Similar to DILI,
Con-A induced hepatic injury leads to hemodynamic alterations
such as erythrocyte retention, platelet aggregation, reduced blood
perfusion and sinusoidal injury [64,66]. T CD4+ lymphocytes are
thought to be central mediators of injury; however, Bonder et al.
[67] demonstrated that neutrophil recruitment precedes T cell
arrival to Con-A challenged livers. In addition, neutrophils were
directly activated by Con-A, leading to L-selectin shedding and
increased ROS production. Interestingly, neutrophil accumulation
into the liver governs subsequent CD4+ T cell recruitment, being a
crucial step for Con-A induced hepatitis. In another report,
P-selectin was shown to regulate leukocyte rolling in periportal
and centrilobular vessels, but not in sinusoids [68]. In line with
this, two adhesion molecules, a4b1 integrin and vascular adhe-
sion adhesion protein 1 (VAP-1) are required for the recruitment
of Th1 and Th2 lymphocytes to Con-A inﬂamed liver, respectively
[69]. For the ﬁrst time, evidence against unspeciﬁc physical trap-
ping of leukocytes inside the liver during disease was presented.
Also, it is important to highlight that different populations of
the same leukocyte subset (Th1 and Th2 lymphocytes) use dis-
tinct molecules to adhere to liver sinusoids, linking leukocyte
functionality to speciﬁc adhesion molecule expression.
Focal liver injury and inﬂammation
As mentioned before, few neutrophils are present in the liver
under normal conditions, but rapidly accumulate following
necrosis. Mice that express eGFP under control of the lysozyme
M promoter (Lysm-eGFP mouse) have highly ﬂuorescent neu-
trophils and have been extensively used to investigate neutrophil
behavior within the liver. It has been shown that during sterile
cell death neutrophils adhere and crawl inside liver sinusoids
using b2-integrins, chasing an intravascular gradient of chemoat-
tractants towards the necrotic area [27,26]. Once reaching the
chemotaxis zone, a CXCR2 chemokine-rich area surrounding
necrosis, neutrophils shift to sense a gradient of
mitochondria-derived formyl peptides, presumably coming from
the necrotic hepatocytes. Such hierarchic migration mechanism
is crucial for a precise inﬁltration within dead cell area, where
chemokine concentrations are very low or absent [27].
In contrast, the molecules that govern neutrophil emigration
seem to be different in systemic inﬂammation (Fig. 4).
CD44-hyaluronan interaction is the major adhesive mechanism
for neutrophils in the liver during endotoxemic shock [8,70].
However, when a local gradient of fMLP was used,
CD44-hyaluronan adhesiveness was not necessary for neutrophil
trapping within sinusoids, being replaced by ICAM-1/CD11b as
the major adhesive route. Corroborating this, previous LPS admin-
istration, which downregulates liver integrins in an
IL-10-dependent mechanism [70], precluded neutrophil crawling
towards the fMLP gradient. Therefore, depending on the
magnitude of the inﬂammatory response (systemic vs. local), neu-
trophils can rapidly shift their adhesive mechanisms. Recently a
novel mouse lineage was generated using the neutrophil-speciﬁc
locus Ly6G and the ﬂuorescent protein tdTomato. This modelJournal of Hepatology 201was baptized ‘‘Catchup’’ [71], and a variant strain with stronger
red ﬂuorescence was described as CatchupIVM-red. Hopefully, this
new model will provide exciting insights in neutrophil recruit-
ment and function in multiple liver diseases.
Using the same focal thermal injury model, the mechanisms
of monocyte inﬁltration in a sterile hepatic injury in vivo were
recently elucidated. Using a mouse with two ﬂuorescence reports
(CX3CR1-GFP and CCR2-RFP) [72], it was observed that
CCR2hiCX3CR1low monocytes were recruited in initial time points
and persisted for at least 48 h. Interestingly, these cells shifted
their phenotypes from CCR2hiCX3CR3low to CX3CR3hiCCR2low
and this was essential for liver injury repair [73]. These studies
are strong examples of the applications of liver intravital
microscopy as a tool of basic investigation.
Liver response to bacterial infections and endotoxemia
It has been long appreciated that the liver functions as a ﬁlter to
prevent infection (or infection-derived products) from reaching
systemic circulation. Despite the global importance of viral hep-
atitis, IVM studies on viral infections in the liver are still scarce
in the literature. Therefore, due to space limitation, we will focus
on bacterial and parasitical diseases.
The high bacterial clearance capacity of the liver and
liver-resident macrophages was documented decades ago
[74,75]. However, only more recently the fundamental role of
KC in controlling bacteria dissemination could be visualized. By
using intravital microscopy of the liver, it was demonstrated that
Mycobacterium bovis and Borrelia burgdorferi are rapidly removed
from the circulation by KC (84, 21). Indeed, elimination of KC by
clodronate liposomes resulted in bacteria ﬂowing freely through-
out the circulation for up to 72 h. Besides its phagocytic capacity,
KC are also important for the elimination of bacteria. Mounting
evidence suggests that these cells may need aid from other cell
types to fully clear bacteria. In this sense, KC that caught bacteria
will produce a set of cytokines and/or chemokines to recruit or
immobilize other cells types that are similarly needed for bacte-
ria eradication. For example, the elimination of Bacillus cereus and
methicillin-resistant Staphylococcus aureus were shown to be
dependent on the interaction of platelets with KC that shifted
from a transient ‘‘touch-and-go’’ interaction to a more stable
nucleation following the catching of bacteria [76]. It is interesting
to note that a similar cooperation mechanism was previously
described for neutrophils and iNKT cells following the infection
by different bacteria [75,77]. Kupffer cell-iNKT cell cooperation
was fundamental for the limitation of B. burgdorferi dissemina-
tion [30]. Upon Borrelia infection, KC secrete chemokines that
acted through CXCR3 to induce iNKT cell recruitment and
CD1d-dependent clustering. Activated iNKT cell secreted IFN-c
and contributed to limit bacteria dissemination to joints, bladder
and heart. This cooperation may also be relevant to limit the dis-
semination of other bacterial types. For example, mice submitted
to a stroke model died from infection that could be prevented by
antibiotic pre-treatment. This was attributed to a modulation of
the patrolling behavior of iNKT cells [78] that became static
and Th2-polarized after stroke [79]. Additionally, KC may recruit
circulating monocytes to form granulomas in response to
Mycobacterium bovis-BCG [80]. Formation of this granuloma
was shown to be dependent on TNF-a and recruitment of both
liver-resident macrophages and circulating monocytes. In this
sense, a recent study using intravital microscopy demonstrated5 vol. 63 j 733–742 739
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that the tolerogenic nature of Kupffer cell antigen presentation to
T cells could be used to prevent unwanted antigen-speciﬁc
glomerulonephritis, but this tolerogenic potential is lost upon
liver injury, implicating that liver accumulation of inﬂammatory
cells reprograms Kupffer cells [81].
Furthermore, in vivo imaging was a powerful tool to describe
the occurrence of neutrophil extracellular traps (NETs) in
response to both endotoxin and bacteria [9,82]. NETs are webs
of nuclear DNA ligated with various proteins with microbicidal
activity, released by activated neutrophils, that can function as
an additional mechanism of microbe killing [83].
Liver response in parasitic diseases
The liver can also be a target for many parasitic diseases as many
helminthes and protozoans reside in the liver or have an obligatory
hepatic stage. Among these, malaria-causing Plasmodium proto-
zoans are the most widely studied by use of intravital liver imag-
ing. Static microscopy techniques associated with in vitro models
of infection, lead to the suggestion of an active process of cell pen-
etration used by these parasites to infect host cells, especially
macrophages and hepatocytes [84–86]. At least for in vitro hepato-
cytes, this processwas associatedwith the rapid opening and clos-
ing of cell membrane, with leakage of intracellular content and
eventual cell death [84]. Later, the parasite-encoded protein
SPECT (sporozoite microneme protein essential for cell traversal)
was shown to be essential for Plasmodium berghei active passage
through cells and for parasite colonization of the liver in vivo [87].
Despite evidence, a real glimpse into the dynamics of
Plasmodium infection of liver cellswas only achieved later, in a pio-
neer intravital microscopy study [88]. Time-lapse imaging of P.
berguei infection showed that parasites rapidly stop at the sinu-
soids and actively move along the sinusoidal cell layer close to a
KC. Parasites then penetrate and trespass KC to reach the inner
hepatocytes. Analysis of parasite motion showed that KC penetra-
tion was preceded by a delay, which did not occur during hepato-
cyte penetration. Additionally, Plasmodium transit inside KC was
signiﬁcantly slower than inside hepatocytes. Together, these
observations suggest that Plasmodium parasites use different
mechanisms for invasion of different cell types (96, 98). In fact,
SPECT was shown to be essential for hepatocyte infection in the
presence of KC, while dispensable when KC were depleted [87].
Subsequently, it was demonstrated that merozoites are released
into the circulation inside merosomes, large membrane-bound
vesicles derived from the infected host cells (99), preventingmero-
zoites from being trapped by KC lining the sinusoids. Following
studies then described the dynamics of T cell-mediated immunity
towards liver stage parasites [89,90]. Intravital imaging showed
that CD8+ T cells accumulate around infected hepatocytes and
recruit more cells to the infected sites, resulting in the formation
of large clusters that kill intracellular forms of Plasmodium.
Imaging of parasite liver infections was also carried out to
analyze dynamics of granuloma formation during Leishmania
and Schistosoma infection [91,92]. Both studies provided evi-
dences that granulomas are very dynamic structures. In
Schistosoma granulomas, for instance, tracking of CX3CR1-GFP+
cells provided evidences that sinusoid-patrolling monocytes
stopped at sites of Schistosoma egg deposition, while the same
cells presented increased speed in the vicinity of fully mature
granulomas, suggesting that they are attracted to sites of granu-
loma formation [92]. Moreover, using ﬂuorescently labeled740 Journal of Hepatology 201antibodies, it was found that CX3CR1-GFP+ cells were comprised
of both Ly6Chigh and Ly6Cint/low populations of which only the for-
mer presented patrolling behavior in uninfected animals.
Acquisition of patrolling behavior by inﬁltrating CX3CR1-GFP+
Ly6Chigh cells in the set of Schistosoma infection shows that differ-
ent cell populations can switch intravascular behavior depending
on the inﬂammatory microenvironment.
The dynamic nature of granulomas was further conﬁrmed
using a visceral leishmaniasis model [91]. In this study, evidences
supported a role of KC in presenting antigens inside the granu-
loma to CD8+ T cells. Analysis of the dynamics of T cell accumu-
lation showed that both antigen-speciﬁc and non-speciﬁc T cells
entered the granuloma, engaging contact with KC. However, only
antigen-speciﬁc T cells contacting antigen-loaded KC had their
speed and contact duration altered. Moreover, antigen-speciﬁc
T cells were less likely to leave the granuloma. This selective
behavior of antigen-speciﬁc T cells suggest a mechanism of pref-
erential accumulation of relevant T cells within the infection site,
contributing to more efﬁcient antigen presentation and protec-
tive immunity.Concluding remarks
The liver is a target organ of many infectious agents, either
directly, as a consequence of liver stage in the pathogen life cycle,
or ﬁnally as a consequence of pathogen dissemination. The liver
is also target in many sterile diseases such as ischemia/reperfu-
sion and toxic hepatitis. In any case, a better understanding of
the processes that takes place in the liver in response to each
of these stimuli is necessary for developing new therapeutic
strategies. This fundamental knowledge can be obtained by using
various techniques, among which the dynamic imaging tools pro-
vided by intravital microscopy recently emerged as a very power-
ful option to researchers. Despite this potential in providing new
insights into pathogenesis and disease control mechanisms, liver
intravital microscopy based studies in relevant models are still
scarce. There are several unmeet needs, including the application
of new super-resolution techniques in IVM, or devices that can
image non-invasively with higher resolution, similar to what is
achieved with experimental live imaging protocols (i.e.
sub-cellular scale). The relatively unexplored venues that can
be revealed by this technique thus make intravital imaging a very
promising and exciting ﬁeld in hepatology.Financial support
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